Summary According to prevailing theory, air temperature is the main environmental factor regulating the timing of bud burst of boreal and temperate trees. Air temperature has a dual role in this regulation. First, after the cessation of growth in autumn, prolonged exposure to chilling causes rest completion, i.e., removes the physiological growth-arresting conditions inside the bud. After rest completion, prolonged exposure to warm conditions causes ontogenetic development leading to bud burst or flowering. During the past three decades, several simulation models based on chilling and forcing have been developed and tested. In recent modeling studies of the timing of bud burst in mature trees, the simpler thermal-time models that assume forcing starts on a fixed date in the spring have outperformed the chilling-forcing models. We hypothesize that this discrepancy may be due to some element missing from the chilling-forcing models.
Introduction
Timing of bud burst in the spring is critical for the survival of trees growing in the seasonally alternating climates of boreal and temperate regions (Sarvas 1972 , Fuchigami et al. 1982 , and it is of great economic importance for cultivated woody plants such as fruit trees (Landsberg 1974) . This timing establishes a trade-off between maximum use of the growth resources of the site and avoidance of damage caused by late frosts (Heide 1985 , Hänninen and Hari 1996 , Saxe et al. 2001 . Analogously, the early flowering of generative buds is advantageous because it provides the maximal time for the embryos to develop during the summer. Furthermore, in the case of wind-pollinated deciduous trees, early flowering favors the movement of air-borne pollen because air movement is unrestricted by the presence of leaves. However, as with vegetative buds, early flowering exposes the generative buds to an increased risk of damage by late frosts.
Several modeling studies predict that climatic warming will be accompanied by a greatly increased risk of spring frost damage to native woody species in the boreal and temperate zones (Hänninen 1991 , Kellomäki et al. 1995 . For these reasons, the environmental regulation of the phenology of bud burst has been the focus of many studies during the last couple of decades (Hänninen et al. 2001 , Chuine et al. 2003 . There is little information on the bud developmental processes that precede bud burst because they are difficult to observe visually and the physiological control of the early stages of bud development is even less well understood. As a result, data on spring phenological events typically consist only of bud burst dates. Therefore, the models describing spring phenology contain elements that are based to some extent on hypothetical phenomena in the bud development process. Despite these assumptions, current models give surprisingly good predictions of the timing of bud burst in boreal trees (Häkkinen et al. 1998 , Linkosalo 2000a .
Several studies indicate that air temperature is the most important environmental factor regulating the timing of vegetative bud burst (see reviews by Romberger 1963 , Perry 1971 , Hänninen 1987 , 1990 , Kramer 1996 , Häkkinen 1999 , Linkosalo 2000b . According to prevailing theory, air temperature regulates the timing of bud burst in two ways. After growth cessation in late summer or early autumn, the buds are in a state of rest, i.e., their ontogenetic development toward bud burst is arrested or slowed by the physiological conditions in the bud. Rest break occurs when the physiological restriction to bud development is overcome by prolonged exposure to chilling (Romberger 1963 , Perry 1971 ). This chilling requirement for rest completion (Hänninen 1995) has been known for several decades (Coville 1920 , Fuchigami et al. 1982 , but despite some recent advances (Rinne and van der Schoot 2003) its physiological basis is still not fully understood. After rest break, bud burst takes place as a result of prolonged exposure to sufficiently high temperatures, and the duration of the exposure required decreases with increasing temperature. Although the high-temperature requirements of bud burst and flowering (Hänninen 1995) are well established, there is great uncertainty about the mechanism enabling bud development, i.e., the process of rest break.
There are two major hypotheses on how the chilling requirement is connected to the onset of bud development. According to the sequential approach (Sarvas 1972 , Richardson et al. 1974 , Hänninen 1987 , 1990 , the chilling requirement must be fully met before bud development is enabled. In the parallel approach (Landsberg 1974, Cannell and Smith 1983) , accumulated chilling affects the amount of forcing required for bud burst to take place or the rate at which forcing accumulates at a given temperature, and the chilling and forcing phases may overlap. According to experimental evidence obtained mainly with tree seedlings, the chilling requirement in boreal conditions is met as early as late autumn or early winter (Hänninen 1990 , Hänninen and Backman 1994 , Hannerz 1999 , Hannerz et al. 2003 ) Therefore, in this study we used only a model based on the sequential approach as an example of the chilling-forcing models.
Mathematical models of the timing of phenological events have been formulated since the time of Réaumur (1735) (see Chuine et al. 2003 for the history of plant phenological models). Until the 1970s, the models were based solely on the high-temperature requirement of bud burst, i.e., they were of the degree-day/temperature-sum type. In this approach, degree days, forcing units or other high-temperature developmental units are accumulated from an arbitrary fixed starting date during late winter or early spring, and the model predicts the timing of bud burst based on the date when the number of accumulated units meets a genotype-specific threshold value. Hereafter, models of this kind will be referred to as thermal-time models Smith 1983, Kramer 1994a) . Since the 1970s, models incorporating the chilling requirement of rest completion have also been presented (for reviews, see Hänninen 1987 , 1990 , Kramer 1996 , Chuine et al. 1998 , Häkkinen 1999 , Linkosalo 2000b , Chuine 2000 . In these models, rest break and the chilling requirement are satisfied by accumulating chilling units in a way analogous to accumulating high-temperature units for modeling the ontogenetic development toward bud burst. Models containing a chilling phase preceding the accumulation of high-temperature units (Sarvas 1972 , Richardson et al. 1974 ) are often referred to as sequential (Hänninen 1987 (Hänninen , 1990 .
Thermal-time models can be regarded as simplifications of the sequential model because thermal-time models estimate the date of rest completion by a constant calendar day rather than simulating it by accumulating chilling units. Accordingly, one could consider the sequential model to be more realistic than the thermal-time models. However, when analyzing long-term phenological time series of dates of bud burst and other data gathered from adult trees growing at their natural sites, several recent studies have found that the simpler thermal-time model is more accurate than the more comprehensive sequential model. This was first found by Häkkinen et al. (1998) when analyzing a 55-year historical phenological time series of dates of vegetative bud burst in birch (Betula spp.) growing in Finland. Similar results were obtained later, when examining dates of vegetative bud burst in Norway spruce (Picea abies (L.) Karst.) clones in field trials in Sweden (Hannerz 1999 ) and dates of bud burst of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) (Bailey and Harrington 2006) and when analyzing historical phenological time series of dates of both vegetative bud burst and flowering of several tree species growing in Finland (Linkosalo 2000a (Linkosalo , 2000b .
All these recent studies found that the starting date of ontogenetic development estimated by minimizing the model's error in predicting the springtime phenological event (bud burst, flowering) falls somewhere in late winter or early spring, i.e., three to four months later than the date when the chilling requirement is met according to most experimental work with seedlings (Hänninen 1990 , Hänninen and Backman 1994 , Hannerz 1999 , Hannerz et al. 2003 . These findings suggest that an essential element is missing from the current models developed to predict the timing of bud burst of trees growing in boreal and temperate regions. For some reason, the accumulation of high-temperature units during late autumn and early to midwinter is not physiologically effective as presently incorporated in the sequential model. We hypothesized that this was because there is an additional mechanism restraining rest completion even after the chilling requirement has been met. We formulated two modifications of the sequential model by adding a reversing or nullifying element of development after the chilling requirement has been satisfied, and we relate these new models to historical phenological data on several tree species common in Finland to evaluate their predictive ability in comparison with the thermal-time and sequential models.
Materials and methods

Current models
In all of the models, forcing units are accumulated to describe the ontogenetic development toward bud burst or flowering. In the thermal-time model (Cannell and Smith 1983) , the state of forcing, S F , is calculated to determine the stage of development of the bud in the ontogenetic process toward bud burst. The stage is presented as a time-integral of the temperaturedependent rate of forcing, r F , which can be regarded as the rate of bud development depending on the ambient temperature:
where T is air temperature at moment t, and ∆t is the time step of the summation. For this study we adopted the empirical rate of forcing as a function of air temperature as presented by Sarvas (1972) (Figure 1) . We used the tabular form of the rate functions that Sarvas used to present his model. For each year, bud burst was predicted to occur when the state of forcing, S F , summed from a fixed day of rest completion, t 0 , attained the genotype-specific high-temperature requirement for bud burst, F crit . The units for S F and F crit are arbitrary because of the nonlinear dependency of the Sarvas function on temperature, but they are essentially analogous to degree-hours of the ordinary temperature-sum model. In the sequential model, chilling units are accumulated to describe the process of rest break. According to this model, chilling precedes forcing, and ontogenetic development is enabled at rest completion. The onset of rest takes place after growth cessation in the autumn. We used September 1 as the date of rest onset, a 0 , where the summation of chilling units starts (Hänninen 1990 (Hänninen , 1991 . From September 1 on, the state of chilling, S C , is presented as a time-integral of the temperature-dependent rate of chilling, r C :
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where T, t and ∆t are as in Equation 1. We adopted the empirical rate of chilling as a function of air temperature as described by Sarvas (1974) (Figure 1 ), who also presented this dependency in tabular form. For each year, the chilling requirement was predicted to be met when S C attained the genotype-specific chilling requirement, C crit . Like the units for S F and F crit , those for S C and C crit are also arbitrary. Starting at this dynamic date of rest completion, the forcing was simulated as in the thermal-time model (Equation 1), i.e., the forcing units were accumulated according to the air-temperature response (Sarvas 1972 ; Figure 1 ) until the attainment of F crit .
Novel models
To test the hypotheses of the nullifying and reversing effects of low temperatures on the number of forcing units accumulated, two novel models were developed as modifications of the sequential model. In the nullifying model, we assumed that whenever the air temperature drops below a threshold during forcing, the effect of previous high temperatures is nullified, i.e., the state of forcing is reset to zero. In all other respects the nullifying model is comparable to the sequential model.
In the reversing model an additional developmental phase is assumed to occur between the phases of rest and forcing. During this developmental phase, the state of development, S R , fluctuates with changing air temperature. The rate of development, r R , depends on the difference between the current air temperature T at time t and the critical air temperature, T crit RM :
The state of development during the reversing phase, starting from the dynamic date of rest completion, t r , is calculated as:
S t t dt r t t t t
When the state of development, S R , attains the critical value R crit , the phase of quiescence is attained, and irreversible ontogenetic development is then simulated as in the sequential model. Units for S R and R crit are degree-hours.
Phenological and air-temperature data
We used the historical phenological data collected in southern and central Finland for the period 1896-1955, combined and adjusted to represent the phenological conditions in central Finland. Seven datasets of five species were used, i.e., datasets for the flowering of Alnus incana L., Alnus glutinosa L., Populus tremula L., Betula spp. and Pinus sylvestris L., and for the leaf unfolding of the last two species (Häkkinen et al. 1995 , Linkosalo et al. 1996 , Linkosalo 2000a ). In addition, we used temperature data collected four times per day near the center of the phenological data collection area in the city of Jy-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SOMETHING MISSING FROM SPRING PHENOLOGICAL MODELS? Figure 1 . Rate of accumulation of chilling units (CU, dotted line) and forcing units (FU, solid line) as functions of temperature according to Sarvas (1972 Sarvas ( , 1974 .
väskylä. Because temperature records were lacking for the years 1912-1916, these years were omitted from the analysis.
Estimation of model parameters
Using the air temperature data as input, the model parameters were estimated by fitting each of the four models, one at a time, to each of the available seven sets of phenological data by minimizing the root mean squared error (RMSE) between the predicted and the observed time of the phenological event (Häkkinen et al. 1998 , Linkosalo 1999 , 2000a , 2000b , Linkosalo et al. 2000 . The values of the following model parameters were estimated (Table 1) : the high-temperature requirement of bud burst or flowering (F crit ; for all models); the date of rest completion (t 0 ; for the thermal-time model); the chilling requirement of rest completion (C crit ; for the sequential, the nullifying and the reversing models); the threshold air temperature (T crit NM ; for the nullifying model or T crit RM ; for the reversing model); and the threshold of fluctuating heat sum (R crit ; for the reversing model). For the starting date of chilling, we used the fixed value of September 1. Thus the number of parameters to be estimated was two for the thermal-time model and the sequential model, three for the nullifying model and four for the reversing model.
Results
Simulated development
Differences among the models in their underlying ecophysiological assumptions are shown in Figure 2 for leaf bud burst of Betula spp. in 1932. The thermal-time model does not consider the dynamics of rest completion, i.e., rest is assumed to be completed on a given calendar day, March 20 in this case. After March 20, ontogenetic development is simulated by accumulating forcing units until the high-temperature requirement of bud burst, F crit , is attained (Figure 2a) . With the sequential model, the ecophysiological simulations are initiated in the autumn by simulating the rest break by accumulating chilling units until the chilling requirement, C crit , is attained. In this way, the simulated date of rest completion varies considerably from year to year. After rest completion, ontogenetic development is simulated as in the thermaltime model (Figures 2a and 2b) . The simulated day of rest completion is typically in late autumn or early winter, so that in some years there is already a considerable accumulation of forcing units in winter if there are mild periods (Figure 2b) .
With the nullifying model (Figure 2c ) and the reversing model (Figure 2d ), the pattern of simulation is basically similar to that of the sequential model (Figure 2b ). In both these models, however, the effects of low air temperature interfere with the simulated development during winter, i.e., a possible accumulation of forcing units during warm periods is typically nullified (Figure 2c ) or reversed (Figure 2d ) by subsequent low temperatures. In this way, the simulated pattern of ontogenetic development shifted toward that of the thermal-time model, i.e., the eventually effective accumulation of forcing units was delayed toward spring (Figures 2a, 2c and 2d) . Figure 3 shows the RMSEs of the four models for the seven phenological datasets. In all seven cases, the thermal-time model outperformed the others, with its RMSE varying between 2 days (leaf bud burst of Populus tremula) and 6 days (flowering of Alnus glutinosa) (Figure 3 ). For all seven datasets, the nullifying model was an improvement over the sequential model. Apart from the flowering of Pinus sylvestris and Alnus incana, the performance of the nullifying model was almost equal to that of the thermal-time model. The reversing model was comparable to the thermal-time model in predicting flowering and leaf bud burst of Betula spp. and flowering of Pinus sylvestris, but for the other species it was comparable to, or worse than, the sequential model. Thus, neither of the novel models brought an improvement over the thermal-time model, which had the smallest RMSE for all species when fitted to the data. Of the two novel models, the nullifying model was more accurate than the reversing model ( Figure 3 ).
Accuracy of the models
Discussion
Biological realism of the models
By definition, ontogenetic development is an irreversible morphological process of development of new plant structures. Strictly speaking, the nullifying model, in which the ontogenetic development of the plant is reset each time the plant is exposed to sufficiently low temperatures, can be considered to TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SOMETHING MISSING FROM SPRING PHENOLOGICAL MODELS? 1169 have low biological realism. However, it may be hypothesized that before ontogenetic development starts, the elevated temperatures first cause reversible physiological changes, such as changes in the concentrations of biochemical substances controlling the growth events. These changes can be considered to be similar to the hypothetical physiological processes controlling the bud development as presented in the reversing model. Thus, the real tree processes corresponding to the initial part of accumulating the forcing unit sum may be reversible before actual irreversible structural changes occur. In the later phases, when irreversible bud development must have occurred, the nullifying events could be interpreted as manifestations of frost damage. The nullifying model remains biologically unrealistic in the sense that it does not distinguish between reversible and irreversible changes. According to this model, a spring frost could reset all development to zero, irrespective of how close the tree was to satisfying the forcing requirement. The rationale behind the reversing model was to introduce a limit or threshold for the reversible development, at which point the irreversible ontogenetic development begins. In this model, a hypothetical phase of reversible changes, driven by high temperatures and reversed by low temperatures, was assumed to precede ontogenetic development and was modeled in a basically identical way to the approach that has been used earlier for modeling such partially reversible physiological phenomena as the recovery of photosynthetic capacity of Scotch pine (Pelkonen and Hari 1980 , Hari and Mäkelä 2003 , Mäkelä et al. 2004 , or the development of frost hardiness in Norway spruce (Repo et al. 1990 , Leinonen 1996 . This is also in accordance with the findings of Schaber and Badeck (2003) , who developed phenological models based on hypothetical physiological processes promoting or inhibiting bud development. When testing these mechanistic models with large phenological datasets, they found parameter values suggesting reversibility of the accumulated forcing unit sum in several cases.
Comparisons with earlier studies
Our results support the findings of earlier studies suggesting that the accumulation of high-temperature units during late autumn and early-midwinter is not physiologically effective for birch (Häkkinen et al. 1998 , Linkosalo et al. 2000 , Norway spruce (Hannerz 1999) or alder, aspen and Scotch pine (Linkosalo 2000a ). Yet the findings of some experimental studies on seedlings suggest that rest completion takes place in late autumn or early winter (Sarvas 1974 , Hänninen 1990 , Hänninen and Backman 1994 , Hannerz 1999 , Hannerz et al. 2003 . Rest completion is often considered a sufficient condition to enable ontogenetic bud development. In our study, an attempt was made to solve this paradox by assuming that low air temperatures in winter either nullify or reverse the effects of the high temperatures that have prevailed during earlier mild spells. Of the two novel models tested, the reversing model, which was the one most consistent with ecophysiological reasoning, failed in three cases out of seven to improve prediction accuracy over the sequential model used as a reference for the model development (Figure 3) . Only the nullifying model was an improvement over the sequential model in all cases (Figure 3) . These findings suggest that the reason for the abovementioned paradox is not to be found in the nullifying or reversing effects of low temperatures. Rather, it seems that the rest completion of adult trees, unlike that of seedlings, is delayed (Partanen et al. 2005) .
For all seven events and five species examined, the thermal-time model was the most accurate in predicting the bud burst event. This suggests that all plant species examined utilize similar environmental features to control their spring phenological events. For all the species, the starting date of the thermal-time model was considerably later than the date on which the chilling requirement in the boreal growing zone is satisfied. One explanation could be that there is an additional independent environmental feature that delays the rest completion. A likely candidate would be a signal from the light environment. Some experiments indicate that day or night length is involved in enabling ontogenetic bud development of beech (Heide 1993) and Norway spruce (Partanen et al. 1998 (Partanen et al. , 2001 ), but light conditions appear to have no effect on the onset of bud development in birch (Myking and Heide 1995) or Scotch pine (Hänninen 1995) . Although we tested only models in which development is driven solely by ambient air temperature, the good performance of the thermal-time model suggests that light could be involved in the onset of bud development in the species studied.
Conclusions
Most phenological models are developed and verified using observed dates of leaf and flower bud burst as input data, because these events are easy to observe, whereas all the processes leading to bud burst have little or no visible effect. The phenological models, however, describe the development process all the way from dormancy release through the various internal development states to visible bud burst. Although the physiological and morphological changes associated with the development of buds into leaves or flowers are known, the mechanisms that control the onset of the development are not known in detail, and most phenological models, included those we tested, are therefore based on various assumptions about the early stages of bud development. We do not claim that the mechanisms we incorporated in our models have any higher biological realism than those used in other models. The real mechanisms driving bud development need to be verified through experimental studies; however, we consider modeling studies useful because they help to identify the most likely environmental factors regulating spring phenological events in boreal and temperate trees.
